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ABSTRACT 


As efforts continue to effectively utilize the microwave frequencies 
a need is apparent fora traveling wave type device capable of handling 
greater power at higher frequencies. One possible solution is the 
plasma microwave amplifier tube. 

This paper discusses an analysis of the plasma - helix coupling 
problem which may hopefully lead to development of such a device 
whereby the R. F. energy is coupled directly to the plasma with a 
helix, rather than coupling to an electron beam as has been the case 
heretofore. A theoretical analysis is presented, and the computer 
solution to the analytical equations evolved and the resulting w- 8 
plots are included. 

This writer wishes to express his appreciation for the assistance 
and inspiration provided by Dr. GlenA. Gray of the U. S. Naval 


Postgraduate School in carrying out this investigation. 


ii 






| ——— a— ay 


— ee) ees § 


TABLE OF CONTENTS 


Background 

Statement of the problem 
Analytical solution 
Discussion 

Conclusions 

Proposed Experimental Work 
Bibliography 


Appendix I - computer program 


ia 


Page 


Ue 
eZ 
ie, 
34 
35 
39 


4l 





Fig. 
Fig. 
Fig. 
Fig. 
Fig). 


Fig. 


Ela. 


Fig. 


Pid. 


Fig. 


Fig. 


Fig. 


Fig. 


Fig. 


Fig. 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 


(7) 


(8) 


(9) 


(10) 


(11) 


(12) 


(13) 


(14) 


(15) 


LIST OF ILLUSTRATIONS 


Experimental Plasma Microwave Amplifier tube 
Experimental tube of Boyd, Field, and Gould (9) 
Experimental tube of Allen and Kino (8) 
Experimental tube of Paik (12) 

Sketch of Backward wave coupling 


Sketch of helix - plasma relationship showing con- 
ventions used 


& - 6 plot 
ka cot ) =3.0, b/a = 0.8, k a C6 w/c= 5.0 


Plot showing relationships of eq. (1) resulting in 
multiple modes of operation 


W- B plot 
k 42 cot Y= 3.0, b/a 


D3; ka cot ~= 3.0 


Gi 5 plot 
a Gorw— 3.0, b/ar= aor k a cot ) =2.0 
Ww - Bplot 


ka cot j= 3.0, b/a = 0.8, k a cot = 1.0 


WwW - Bplot 
ka cot ~= 3.0, b/a=0.8, k (a cot w= 0.5 


wW- Bplot | 
k a cot ~=3.0, b/a=0.8, k a cot y= 0.1 


w= 6 plot 
ka Got = 3.0, b/a = 0257 k a Comuy e— 5.0 


w - B plot 
ka cot J= 3.0, b/a = Oo, Krapeeuw— eau 


lv 


Page 


10 


13 


23 


24 


26 


Lah 


28 


Zo 


30 


31 





Fig. (16) 


Fig. (17) 


Fig. (18) 


Fig. (19) 


w - B plot 

ka cot Y= 3.0, b/a=0.5, k a cot ~= 2.0 
Ww - Bplot 

ka cot j= 3.0, b/a =0.8, as 0.0 

ka eotuilins3 0b /,au= i080), kK. + @ 


Laboratory equipment 


Diagram of proposed experimental setup 


Page 


32 


3c 


37 


38 





1. Background. 

The purpose of this investigation was to study the problem of 
coupling electromagnetic energy between a slow wave structure anda 
plasma column. 

The underlying reason for interest in this problem is the design 
of a plasma microwave amplifier tube. A plasma microwave amplifier 
tube, where the plasma column acts as the slow wave structure, inter- 
acting with the electron beam, may well provide some advantages over 
present day types of traveling wave tubes. At the present time, con- 
ventional traveling wave tubes are limited in the power they can handle 
at high microwave frequencies. As frequency increases, it becomes 
difficult to construct a satisfactory slow wave structure which will 
dissipate any appreciable heat. Even at the lower microwave frequencies, 
heat dissipation in the slow wave structure may bea problem for high 
power applications. The plasma asa slow wave structure offers 
definite possibilities in that heat dissipation in the structure should no 
longer be a problem. There should be no inherent limitation insofar as 
mechanical dimensions are concerned, as the frequency is increased. 
Further, the plasma microwave amplifier device appears to offer 
promise of high gain and high power ina relatively small package. 

The device proposed (Fig. (1)) is in many respects similar toa 


conventional traveling wave tube. The tube consists of a conventional 
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electron gun assembly, ad.c. heated filament consisting of a .001" 
tungsten ribbon approximately 1/2" X 3/4" at either end of the interaction 
region, and two helix slow wave structures in the interaction region. 

The concept is to generate a plasma by heating the two filaments 
to 23 00°C in a cesium gas environment ata very low pressure, on the 
order of 10. to10. mm. Hg. These hot filaments will then cause 
contact ionization of the cesium gas thereby generating a plasma. 

R. F. energy is then coupled from the helix slow wave structure to the 
plasma, exciting the plasma. In turn, the electron beam on passing 
thru the plasma interacts with the wave excited on the plasma, giving 
a traveling wave type interaction. 

A helix slow wave structure was chosen for several reasons. First, 
it is rather easily fabricated. Second, it has been used extensively 
in tube work, and experience is available regarding its characteristics. 
Pinally, a theoretical analysis of the helix is available, Beck (1), and 
Hutter (2). 

The cesium plasma was chosen for several reasons. First, the 
plasma frequency may be easily varied by control of the envelope 
temperature, and thereby the gas pressure. Second, it provides a 
relatively homogenous plasma, and may be quite highly ionized. Third, 
it provides a quiet plasma, that is, it is relatively free from spurious 


oscillations and noise. Finally, it may be readily ionized by contact 





ionization. Since the ionization voltage of the cesium is below the 

work function of the heated tungsten filament, the filament will emit 

electrons and at the same time ionize the cesium gas, generating a 

plasma which is relatively homogenous. Knechtli and Wada (7) have 

done considerable work on this type of plasma generation. Kino (8) 

has also used a similar scheme. In his tube, Fig. (3), a spiral heater 

was used, and due to the fields set up across the spiral, it was 

necessary to make all measurements during the time when power was 

not applied to the heater. By use ofa flat ribbon, it is hoped to be 

able to reduce the field of the heater sufficiently so that measurements 

may be taken continously while applying a d.c. voltage to the heater. 
Work on plasma microwave amplifier tubes has been carried on 

by several authors, (8), (9), (12), (13), (14), and (15). The major 

difference between the operation of the tube proposed here and the 

work of some previous authors is in the manner of coupling the energy 

into the device. Boyd, Field, and Gould, (9) studied plasma oscillations 

and growing plasma waves using a mercury arc discharge fora plasma, 

coupling the input R. F. signa] to the electron beam, and thence to the 

plasma. Fig. (2) is a sketch of the device they used. Allen and Kino (8) 

studied the interaction of an electron beam with a fuily ionized plasma 

using a cesium plasma and coupling the input R. F. signal to the electron 


beam, and thence to the plasma. Fig. (3) is a sketch of the device they 
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used. Paik (12) used a coupled mode approach to study the coupling of 
modes between a slow wave mode and a helix. The experimental work 
he reported on was done with a device as shown in Fig. {4) which used 
a mercury plasma. He excited only one mode by careful coupling, 

using a selective mode coupler. This device did not include an electron 
beam, and his theoretical and experimental work was limited to the case 
of no magnetic field. 

B.M. Bulgakov, etal. (13) studied slow waves ina helix - plasma 
column with an arbitrary magnetic field. This did not include any ex- 
perimental work, and the final dispersion plots they developed showed 
discontinuities in the curves, which one would not expect to see. 

This has caused some workers in the field to question their resuits. 

E. V. Bogdanov, etal. (14) studied very nearly the same problem 
as Boyd, Field, and Gouid (9). The device they used for experimental 
work, although physically different, used an arc discharge type of 
plasma generator and coupled the input R. F. energy to an electron 
beam, and the output R. F. energy from the electron beam. The signifi- 
cant thing about this work is they were able to obtain gain from 25 cm. 
up to3 cm. This was possible because they used an erc discharge to 
generate the plasma, and by increasing the arc current could generate 
a dense plasma, which was then contained by a magnetic field. 


Work on an experimental! X band tube has been cerried out by 
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Microwave Associates, Burlington, Maceaenteer one This is a mercury 
device, again coupling the signal via an electron beam. Elcon Labor- 
atory, Cambridge, Massachusetts is working on a device using the fast 
wave, designed to utilize the negative conductance of the plasma. All 
other devices proposed to date have used the slow wave mechanism. 
General Electric Ltd. , Wembly England, has reporteue a plasma X band 
unit which develops 60 db of gain ina six cm. tube. Philips Research 
Laboratories, Eindhoven, Netherlands has eepeeae a helix coupled 
tube giving 19 db gain at four Gc. 

In all of the preceding devices coupling of the input signal to the 
device was accomplished by coupling as in a conventional! traveling 
wave tube, to an electron beam witha helix, and then using the wave 
propagated on the beam to couple to the plasma. Asa result of this, 
in the experimental work performed to date it has not been possible to 
couple directly to a backward wave plasma mode. It is anticipated that 
with the experimental device proposed, Fig. (1), it will be possible to 
investigate backward wave modes by direct coupling, as shown in 


Fig. (5). 


ance Meisels, Plasma Amplifiers Move Closer to Hardware Stage, 


Microwaves, pp 4-6, jan. 1963 
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If energy is coupled into and out of the plasma in this fashion, then if 
interaction with the electron beam is observed, it must necessarily be 
interaction with a backward wave. Of course, care must be exercised 
to ascertain whether this interaction occurs in the helix or in the drift 
region. 

In considering the specific problem of coupling electromagnetic 
energy toa plasma column, it is perhaps worthwhile to review the work 
done in studying propagation on an electron beam. Hahn (10) and 
Ramo (11) considered a drifting, ion-neutralized cylindrical electron 
beam in an infinite axial magnetic field and fund that in general there 
are two space charge waves, the propagation equation being. 

wo” - (w ~ Bup)” = 0 (1.1) 


for the one dimensional case, where 


10 





5 ig (ie) 


and all quantities are assumed to have oj t-Bz) dependence. Thus, 


the solutions are; 


O+ W 
a (is) 


iit 

If uy is zero, this one dimensional ion-neutralized electron beam 
does not propagate space charge disturbances. Triveipiece (6) has 
shown however, thata finite uy is not essential to the propagation of 
space charge disturbances when the beam has a finite transverse geo- 
metry. 

Rigrod and Lewis (3) considered the problem of an electron beam 
under Brillouin flow conditions and found two types of space charge 
wave propagation, one involving a perturbation of the average charge 


density, and the other surface rippling. Brewer (4) considered the more 


general case of an arbitrary magnetic field. 


2. Statement of the problem. 
In order to study the coupling of R.F. energy between a helix slow 
wave structure and a plasma column, it is desirable to determine the 


w® - B plot or Brillouin diagram for the proposed circuit. This provides 


yl 





all the information required to forecast the performance in interaction 
with electron beams, except knowledge of the actual field amplitudes 
involved, ref. Beck (1). 

The term plasma as used here denotes a partially ionized gas 
which is electrically neutral in any macroscopic volume in the absence 
of disturbances. Further, for this discussion it has been assumed the 
ions are stationary, and the electrons have no random velocities and 
suffer no collisions. The neutral gas molecules are assumed to play 
no part in the process studied. It is felt this is a reasonable model 
for the plasma. Fig. (6) shows the basic configuration of the problem. 
The helix slow wave structure has been appproximated by the sheath 


helix model. 


3. Analytical Solution. 

Trivelpiece (6), has solved the problem of a plasma filled cylindri- 
cal waveguide in an infinite axial magnetic field, starting with the 
basic Maxwell equations. He further considers the finite magnetic 
field case where he neglects the a.c. magnetic fields, (quasi-static 
approximation). He presents, for the finite magnetic field case, the 
development of a complex dieleciric tensor, to take into account the 


effects of the plasma ina finite magnetic field. This is: 
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= €9,= 1- Pe (3.2) 


eG 66 Ww 
Cc 
“re Ser (w) (w * - w?) ae 
ep” 
fy > lume (3.4) 


Making the quasi~static approximation, i.e. setting the a.c. magnetic 


fields to zero, we may solve the problem of matching between the helix 


and plasma column as follows: 


7 xE=-jwB=0 (395) 
EB =-7¢ 
This approximation is presumed good for V* phase < <c* 
Now, for the equivalent dielectric, 
eet y = (ec * End (3.6) 
which suggests the differential equation 
(3.7) 


oc 0 — 0 


The solution to which in cylindrical coordinates is: 
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In general one may assume a solution of the form 


@ = R(r) eu ema lee 


(3.8) 


(3.9) 


However, we shall restrict ourselves to the case of no variation in 9 


(i.e. n= 0). This is not essential, but will simplify the analysis. 


Also this is the case of greatest practical importance. This then leads 


to the partial differential equation 
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B= -A JE yy irre!“ ~ 8, 
r B | 
(3.13) 
Tr ‘lwt-B ) 
Hg =-A “pe h (Pry Ot" F,? 
and for bSrés¢a 
E. = [Blo (Br) + CK, (sr) Je (wot ~ B.) 
Er = iB (Br) - Ck, (Br) |e’ eat B.) (3.14) 


Ho = 126 [Bu (Br) - CK; (gr) Jet ~ 8, 


and with suitable matching at the boundaries, we may reduce the above 
to: 


ann Ji(T a) = f 
Ba Jo (ra (3,15) 





—S 


1, (Ba) [Ky (Bb) + FK,(8b) J +Ki (Ba) [I 9(Bb) - Fi,( Bb) J 
“Ip (Ba) [Kp (8b) + FKi (Bb) Ko (Ba) [Ip (8b) - Fii(Bb) J 


where F is a function of the admittance Ye of the sheath helix, defined 


as; 


ae (3.16) 





ms is the admittance of the helix. The expression for Y_ is given by 
2 


Hutter (2) as: 
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7 Ty (Ba) ~ K, (Ba) — Ky (Ba) ‘Ba )* cot” p 
Tl Orly) 
. ka 
(Ba )? cot” ob 


using the sheath helix approximation. It should be noted that inherent 
in use of this expression for the admittance of the sheath helix is the 
further assumption of a free space TE mode within the helix. The use 
ofa TE mode in addition to the TM mode is required to match the 
boundary conditions at the helix. 

Paik, (12) has developed an analysis using the coupled mode 
approach for a helix-plasma column in the zero magnetic field case. 
The above general expression, equation (3.15) may be shown to 
reduce to that of Paik in the zero magnetic field case, (let We go to 
zero). 

Fig. 14 shows an w-§ plot for the zero and infinite magnetic 


field case, with the parameters defined as follows: 


Ci = Sie cot ~ 
Ce = b/a 

C3 = k a cot w 
x = pa 

y = kacotd 


where k = &w/C 


C = the velocity of light 


ie 





The data was obtained by use of a digital computer. The general 
program and necessary function subroutines ie given in appendix I. 

Fig. (7) and Fig. (9) thru Fig. (17) show w =§8 plots for various 
parameters in the general magnetic field case. Fig. (7) shows the 
principle modes, as well as a few of the higher order modes. These 
higher order modes result mathematically from the multiple roots of the 
Bessel functions, and represent higher order modes of operation. 
Since there are an infinite number of roots to the Bessel functions, 
there are an infinite set of these higher order modes in the regions 
where the propagation constant is real. A sampie plot of this situation 
is shown in Fig. (8) for a typical case. The symbols used follow those 
of the computer program. Z is the right hand side of Eq. (3.15) and BB 
is the left hand side of this equation. This plot is for a fixed value of 
x. In the region where the propagation constant is imaginary, Z reduces 
to a function of two modified Bessel functions, uSuaily represented as 
[4 which do not exhibit this multiplicity of roots, and therefore do 


not indicate higher order modes of operation in these regions. 
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4. Discussion. 

The w-§8 curves for the finite magnetic field case show several 
promising facets, The backward wave mode is an interestirg pheno- 
menon, and indicates the possibility of a backward wave osci.lator. 

Fig. (7) shows a detailed set of w~ 8 relationships for the case 
of ka cot) =3.0, b/a = 0.8, and k @ cot » =5.0. Fig. (8) shows 
plots of the left hand and right hand sides of Eq. 3.15) vs kacot w 
for pa = 4.0. The perturbations of the helix wave as shown in Fig. (7) 
indicate that considerabie coupling exists between the helix and 
plasma for this finite magnetic field case. This is encouraging, and 
indicates that one might reasonably expect ito coup.e the input and 
output energy directly to and from the plasma rather thar coupling to 
the electron beam and thence to the plasma és has been cone by previous 
workers, and this direct coupling to the plasma would thereby allow 
excitation of the backward waves as previously ciscussed. 

The various modes of operation depicted in Fig. (7) e+ plasma 
modes, that is, they are not space harmonic modes of the helix, 
inasmuch as the sheath helix approximation does nor inciude the space 
harmonics which exist with the actual helix. Therefore, in a solution 
which utilized a more exact representation for the helix one might ex- 
pect to see in addition a coupling between the plasma and higher order 


helix modes. In the limiting case as the sheath helix goés over toa 
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conducting cylinder, these modes shown would be the various radial 
modes found by Trivelpiece, (6) and denoted as the De modes where 
Rey is the Vth zero of the zero order Besse! F'unction of the first kind. 
From Fig. (8), we see that the solution at point a represents the per- 
turbed helix wave, the solutions to the right of point a, the modes in 
the backward wave region, and those solutions to the left of a the 
modes in the forward wave region. For example the solution at point b 
represents the first plasma wave, and this point corresponds to the 
point b on Fig. (7). The solution at point e represents the first order 
solution of the backward wave region and corresponds to the point e 
on Fig. (7). The other points correspond as they are lettered. Thus 
we may see the mathematical generation of these higher order modes, 
and may visualize them as representing higher order radia! modes. There 
are of course an infinite set of these modes, only a few of which have 
been shown. 

The slight backward wave region of the perturbed heiix mode 
indicates this device might have some promise as a backward wave 
oscillator. It is noted, however, that the bandwidth of any such 
device would be relatively narrow. The forward wave cheracteristics 
indicate that a forward wave amplifier might be designed to be quite 
broadband, however. 


It should be noted that the higher order radial modes are probably 
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not particularly useful for interaction inasmuch as it would be difficult 
if not impossible to couple to them due to the reversal! of field poten- 
tial in the radial cross section which such a mode would represent. 
Fig. (9) thru Fig. (16) show the effect of variations in - and wo 
as well as the ratio of b/a. These curves are included to provide 
some insight into the effects of a variation of these parameters. First 
it is to be noted that for ses < on the lowest order plasma wave cuts 
off at * and for we < oe the plasma wave appears to cut off some- 
where between o and we The backward waves and helix wave 
approach as a limit s when we ae and approach as a limit = 
when a > we Further, the backward waves cut off at the | toyed w *. 
The above observations are similar to those found by Trivelpiece (6) 
in the plasma - cylinder problem. The larger b/a, the more completely 
the plasma fills the helix. It is seen that this leads to more bandwidth 
in the backward wave region. Also, the knee of the curve is less 
sharp as the helix wave goes over into a backward ee mode. This 
one might expect since a larger b/a would lead one to expect tighter 
coupling between the helix and the plasma. 
Fig. (17) shows a plot of the helix and plasma waves for the zero 
and infinite magnetic field case. The infinite magnetic field case 
shows a continuation of the effects noted previously. There appears to 


be a smooth transition to the zero magnetic field case as well. As we 
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is decreased, the backward wave region, essentially between w and 


w + w ° becomes smaller and smaller, until in the limiting case 
there is no such region. The helix wave becomes more and more nearly 
like the uncoupled helix wave as wo is decreased, and finally for w =0 
we see that the helix wave shows no backward wave region, and is 
only slightly perturbed by the plasma as may be seen by comparison 
with the free helix wave also plotted on the same figure. The plasma 
wave, which at values of Ww = ie appears to cut off at oy cuts off at 
lower and lower frequencies as os is decreased below a and finally 


approaches the limit as shown for the zero magnetic field or oS = 0 


case. 
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9. Conclusions. 

In conclusion it appears from the results of the analysis presented 
here that a plasma microwave amplifier device in which the R. fF. Energy 
is coupled to the plasma directly offers some real possibilities of 
success. It appears that such a device would have severa! advantages 
over conventional type traveling wave devices. Principa!!y these are 
that one might reasonable expect high power operation in a sma!l device, 
and that one might be able to alleviate the serious mechanica! and 
cooling problems inherent in higher frequency microwave devices of the 
type presently in use. 

However, it should be emphasized that the analysis presented 
contains three basic approximations which limit the validity of the 
theory. First, the quasi - static approximation is made, which should 
be good for the low values of beam voltage used in typica! tubes. 
Second, the sheath helix model is used, which is believed to bea i 
reasonable model within the iimitations previously mentioned. Finally, | 
the assumption of a free space TE mode within the helix is made. This 
assumption would appear to be justified since the solution obtained in 
the case of zero magnetic field agrees with Paik's analysis (12) which 
does not make this assumption. 

The dispersion relationships of Fig. (9) tnru Fig. (15) do not show 


any anomalous discontinuities as were found by B. M Bulgakov etal. 
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(13). 

The data contained in this paper is not sufficient in itself to draw 
firm conclusions regarding the operation of a plasma microwave ampli- 
fier device, however. The w-B diagram does not provide any information 
regarding the magnitudes of fields involved, and thus no insight into 
the interaction impedances involved. A theoretical study of interaction 
impedance should be an interesting and worthwhile project and is 


suggested as the subject for some future investigation. 


6. Proposed Experimental Work. 

After completing all connections for the experimental tube, it is 
proposed that the following experimental work be accomplished: 

1. Make cold tests of impedance match to the helix, and deter- 
mine the losses incurred in the helix couplers over a frequency range 
of at least 1.0 to 2.5 Gc. 

2. Determine the w - B relationships as indicated from the theore- 
tical work. 

4, Carry out electron beam interaction experimenis. 

5. Investigate the backward wave regions shown theoretically, 
this being of special interest. These experiments should be designed 
to determine the range and magnitude of self oscillation available as 


well as bandwidth optimization by variation of field strength and 
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plasma density. 

In 8 experiments involving measurements of the R. F. interaction, 
measurements should also be made to determine the impedance levels, 
gain, or loss in the helix regions, and gain or loss in the drift region. 
Further, these experiments should be carried on over a wide renge of 
magnetic fields, tube temperatures, and frequencies. 

Care should be exercised to assure the cooling provided by the 
water jacket is adequate to maintain an effective temperature aiong 
the region so cooled. Fig. (18) shows a photograph of the laboratory 
equipment designed to work with the proposed tube. The magnet, tube, 
and heat sinks for the filament rectifiers are water cooled. Fig. (19) 
shows a block diagram of the proposed measurement setup. 

The magnet is designed to provide an adjustable uniform field 
from 0 to 2000 gauss. The plasma generation filament suppiies are 
designed to provide from two to six volts, and up to a maximum of 
120 amps each. The rectifiers are rated at 250 amps. , the transformer 


being the limiting element. 
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